Introduction {#s0001}
============

Accumulated evidence for the antiviral role of autophagy suggests a strong connection between autophagy and innate or adaptive immunity.[@cit0001] Autophagy activates various cellular defense responses, including direct digestion of intracytoplasmic virions,[@cit0002] recognition of pathogen-associated molecular patterns (PAMP) through the delivery of viral genomes to endosomal toll-like receptors (TLRs),[@cit0005] activation of innate immune signaling,[@cit0006] regulation of inflammatory response, and facilitation of the appropriate antiviral adaptive immune responses.[@cit0007] Viruses subvert autophagy through various strategies for inhibiting autophagosome formation and blocking autophagosome maturation.[@cit0002] However, some viruses exploit autophagy for their own replication.[@cit0016] Thus, there is an extremely complex interaction between autophagy and invading viruses.

Autophagy is a highly conserved cytoplasmic pathway in eukaryotes; it is required for both normal development and survival of nutrient deprivation.[@cit0018] Autophagy includes macroautophagy, microautophagy, and chaperone-mediated autophagy. Macroautophagy, which we will refer to as autophagy in this article, is the most well-characterized type in eukaryotic cells.[@cit0019] Autophagy is involved in the engulfment of damaged or unwanted cellular organelles and protein aggregates into an autophagosome, which are delivered to a lysosome to be degraded. The MTOR kinase-dependent signaling pathway controls autophagy.[@cit0020] Activation of the phosphoinositide 3-kinase (PI3K)-AKT-MTOR and AKT-tuberous sclerosis complex (TSC)-MTOR pathways inhibits autophagy, whereas the loss of signaling through this cascade removes the negative repression of MTOR.[@cit0020] Therefore, there is a direct link between autophagy and the MTOR signaling pathway.

Upon intracellular pathogen invasion, autophagy can be activated as an innate immune mechanism for controlling infection.[@cit0021] To date, a growing number of studies use pathogen recognition to reveal the effects of pathogen infection on autophagy. Pattern recognition receptors (PRR) detect pathogens by recognizing PAMP. Extracellular pathogens are recognized via TLRs on the cell surface or in endolysosomal compartments; consequently, functional autophagy is induced.[@cit0022] Cytoplasmic pattern recognition systems act as intracellular pathogen detectors and degrade viral double-stranded RNA (dsRNA) genomes or replication intermediates.[@cit0025] CD46, present on the cell membrane, shares PRRs with several viruses and bacteria, which is sufficient for inducing functional autophagy through the (CD46-Cyt-1)-Golgi-associated PDZ and coiled-coil motif containing protein (GOPC) pathway.[@cit0026] Heat shock protein 90 (HSP90AA1), a highly conserved molecular chaperone, is also a PRR component that binds to lipopolysaccharide (LPS),[@cit0027] dengue virus, and avibirnavirus.[@cit0028] However, whether HSP90AA1 involvement regulates autophagy remains unknown.

In the present study, we address whether HSP90AA1 can induce autophagy, and how, and investigate the physiological relevance of this process to pathogen binding. We found that HSP90AA1 PRR to the viral protein VP2 of the avibirnavirus infectious bursal disease virus (IBDV) activate MTOR-dependent autophagy. Our study highlights the role of HSP90AA1 in linking pathogen recognition to the MTOR signaling and autophagy pathways.

Results {#s0002}
=======

Intracellular autophagosome-packaged avibirnavirus virions {#s0002-0001}
----------------------------------------------------------

Transmission electron microscopy is a valid and important method for observing autophagosomes in cells;[@cit0030] in this study, it showed that avibirnavirus particle and organelle were captured within membrane vesicles in infected DF-1 cells ([**Fig. 1A**](#f0001){ref-type="fig"}), similar to the previously reported autophagosomes that contained avibirnavirus virions in lymphoid cells and macrophages of infected *Gallus gallus*,[@cit0032] indicating that autophagy was involved in virion degradation. Correspondingly, after DF-1 cells, transfected with enhanced green fluorescent protein--light chain 3 (eGFP-LC3) for 24 h, were infected with IBDV or incubated with heat-inactivated IBDV (HE-IBDV), the puncta or ring-like structures of eGFP-LC3 and LysoTracker Red-labeled autophagosomes per cell were calculated using confocal microscopy. [**Fig. 1B and C**](#f0001){ref-type="fig"} show that in comparison with mock-infected cells, the ring-like and small puncta eGFP-LC3 structures were significantly increased in the cytoplasm of IBDV-infected or HE-IBDV-treated DF-1 cells at 2 h postinfection (hpi, *P* \< 0.01), and subsequently reverted to normal condition in the cytoplasm of IBDV-infected cells but not HE-IBDV-treated cells at 4 hpi. To verify whether IBDV virions were the target of autophagy, IBDV-infected, eGFP-LC3-labeled cells were stained with monoclonal antibody (mAb) to viral protein VP2 of IBDV. Confocal microscopy revealed that VP2 staining was surrounded by the ring-like eGFP-LC3 ([**Fig. 1D**](#f0001){ref-type="fig"}). Collectively, these data strongly support the premise that autophagosome formation is induced in IBDV-infected and HE-IBDV-treated cells and that IBDV virions are captured in autophagosomes. Figure 1.IBDV infection induces autophagosome accumulation in DF-1 cells. (**A**) Autophagic vacuoles in infected cells observed by transmission electron microscopy. Autophagic vacuole engulfs IBDV particle (black arrows) and organelle (asterisk) in cytoplasm of DF-1 cell infected with IBDV (MOI = 10) at 2 hpi. (**B**) DF-1 cells transfected with peGFP-LC3 for 48 h, and then infected with IBDV (MOI = 10) or treated with HE-IBDV. At 2 hpi or 4 hpi, cells were incubated with LysoTracker Red (50 nM) for 30 min; intracellular autophagic vacuoles were observed under confocal microscopy. Statistical analysis of the number of cells with \>3 autophagic vacuoles. At 2 hpi or 4 hpi, autopgagic vacuoles were counted in IBDV-infected cells. Error bars: Mean ± SD of 3 independent tests. Two-way analysis of variance (ANOVA); \*\*\**P* \< 0.001 compared to control. (**C**) DF-1 cells transfected with peGFP-LC3 for 48 h, and then infected with IBDV (MOI = 10) or treated with HE-IBDV. At 2 hpi or 4 hpi, cells were incubated with LysoTracker Red (50 nM) for 30 min; intracellular autophagic vacuoles were observed under confocal microscopy. Scale bars: 10 10 μm.mu;m. (**D**) DF-1 cells transfected with peGFP-LC3 and infected with IBDV at 9 h post-transfection. The cells were fixed, immunostained with anti-VP2 mAb, and autophagosomes were observed under confocal microscopy. Scale bar: 10 μ.

IBDV virions adhering to the cell membrane triggered autophagy at the early stage of infection {#s0002-0002}
----------------------------------------------------------------------------------------------

The first generation of IBDV progeny virions is assembled at about 6 hpi.[@cit0032] Therefore, to determine whether autophagy is triggered at the early stage of infection, we examined cells infected with IBDV at a multiplicity of infection (MOI) of 10 from 0 to 8 hpi to investigate the changes to endogenous LC3-II, an autophagosome marker.[@cit0030] [**Fig. 2A to E**](#f0002){ref-type="fig"} shows that in comparison to mock-infected cells, the amount of intracellular LC3-II in IBDV-infected cells was strongly increased at 1 hpi, decreased remarkably at 4 hpi and recovered significantly at 8 hpi (*P* \< 0.01). However, intracellular LC3-II expression in HE-IBDV-treated cells was upregulated persistently from 1 hpi to 4 hpi (*P* \< 0.001) and began to decrease from 4 hpi. Similar LC3-II expression profiles were observed in IBDV-infected or HE-IBDV-treated 293T cells (**Fig. S1**). In addition to LC3, we examined the autophagic flux by detecting the accumulation of SQSTM1 (sequestosome 1), an autophagy substrate.[@cit0030] SQSTM1 in IBDV-infected cells decreased persistently from 1 hpi to 6 hpi (*P* \< 0. 001) and began to increase at 8 hpi, indicating that the autophagic flux in IBDV-infected cells was induced after 1 hpi and began to be inhibited at 8 hpi ([**Figs. 2A to C, F**](#f0002){ref-type="fig"}**, and S1**). Differently, SQSTM1 in HE-IBDV-treated cells decreased persistently from 1 hpi to 8 hpi (*P* \< 0.001), but did not change obviously in mock-infected cells. Interestingly, the upregulation of LC3-II conversion and decrease of SQSTM1 accumulation were also detected in the VP2-transfected 293T cells at 48 h after transfection (*P* \< 0.001, [**Fig. 2H**](#f0002){ref-type="fig"}). To exclude the possibility that contaminations induce autophagy, IBDV virions purified with density gradient centrifugation were used to induce cellular autophagy. The similar autophagic induction was also observed in DF-1 cells infected with the purified infectious IBDV virions and in DF-1 cells treated with the purified heat-inactivated IBDV virions ([**Fig. 2D and G**](#f0002){ref-type="fig"}). Moreover, the viral structural proteins VP2 in IBDV-infected cells decreased greatly at 2 hpi and began to increase at 4 hpi ([**Fig. 2D**](#f0002){ref-type="fig"}), indicating that the viral structural proteins were degraded at the early stage of infection and synthesized gradually following production of IBDV infectious progeny. Taken together, these data indicated that cellular autophagy was induced by IBDV virions at the early stage of virus infection. Figure 2.Characterization of IBDV-triggered autophagosome accumulation. (**A**) IBDV promotes increase of LC3-II and decrease of SQSTM1 within 1 hpi but inhibits it from 4 hpi. DF-1 cells were infected with IBDV (MOI = 10). (**B**) Increase of LC3-II and decrease of SQSTM1 was constantly promoted in HE-IBDV-treated cells. (**C**) LC3 amount and SQSTM1 accumulation in mock-infected cells were unaffected. Cells were harvested and analyzed by immunoblotting using anti-LC3, anti-SQSTM1, anti-VP2, or anti-GAPDH antibody. (**D**) DF-1 cells were infected with the purified infectious IBDV virions or treated with the purified heat-inactivated IBDV virions (MOI = 10), respectively. The purified infectious IBDV increases the amount of LC3-II within 1 hpi but inhibits it from 4 hpi. However, levels of LC3-II increase constantly in the purified HE-IBDV-treated cells. M, mock infected. HI, purified heat-inactivated IBDV virions. PI, purified infectious IBDV virions. (E, F) The ratio of LC3-II or SQSTM1 to GAPDH was normalized to control conditions in (**A** to **C**). (G) The ratio of LC3-II to GAPDH was normalized to control conditions in (**D**). (**H**) LC3-II increases and SQSTM1 decreases in VP2-transfected cells. 293T cells were transfected with the vector pFlag-VP2 for 48 h, harvested and analyzed by immunoblotting using anti-LC3, anti-SQSTM1, anti-VP2, or anti-GAPDH antibody. Error bars: Mean ± SD of 3 independent tests. Two-way ANOVA; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 compared to control.

Cellular autophagy affected IBDV replication {#s0002-0003}
--------------------------------------------

To investigate whether cellular autophagy regulates IBDV replication, we examined the effect of inhibiting autophagy on viral protein accumulation and viral progeny yields using a median tissue culture infectious dose (TCID~50~) detection assay. Target-specific RNA interference (RNAi) was used to knock down *BECN1*, a gene central to autophagy that encodes a protein necessary for autophagy.[@cit0033] [**Fig. 3A and B**](#f0003){ref-type="fig"} show that compared to cells transfected with scrambled and ineffective small interfering RNAs (siRNAs), there was significantly decreased *BECN1* expression (*P* \< 0.001) and increased VP2 expression (*P* \< 0.001) in DF-1 cells or 293T cells transfected with *BECN1* siRNAs. Likewise, virus titer assays showed that *BECN1* downregulation increased virus yields significantly at 24 hpi in DF-1 cells or 293T cells ([**Fig. 3C and D**](#f0003){ref-type="fig"}, *P* \< 0.01), indicating that inhibition of autophagy promotes IBDV replication. In contrast, following rapamycin- or starvation-induced autophagy, amount of LC3-II increased significantly in infected DF-1 cells (*P* \< 0.001, [**Fig. 3E and I**](#f0003){ref-type="fig"}) or 293T cells (*P* \< 0.001, [**Fig. 3F**](#f0003){ref-type="fig"}) and the IBDV progeny titer decreased dramatically ([**Fig. 3G and H, and J**](#f0003){ref-type="fig"}, *P* \< 0.001), revealing that induction of autophagy greatly inhibits IBDV replication. Collectively, these findings confirm that cellular autophagy is involved in regulating IBDV replication. Figure 3.Effect of autophagy on IBDV replication. (**A, B**) *BECN1* knockdown increases the accumulation of IBDV-encoded VP2 in 293T or DF-1 cells. DF-1 cell and 293T cell monolayers were transfected with negative control (Con.), Scrambled shRNA (Scra.) or *Gallus gallus* (chicken) *BECN1* shRNA (Gg*BECN1* shRNA) or *Homo sapiens* (human) BECN1 (Hs*BECN1* shRNA) for RNA knockdown, respectively, and were infected with IBDV (MOI = 10). At 8 hpi, cells were harvested and analyzed by western blotting with anti-LC3, anti-VP2, and anti-GAPDH antibodies. The ratio of VP2 or BECN1 to GAPDH was normalized to control conditions. (**C, D**) DF-1 or 293T cells transfected with Scra. or Hs*BECN1* shRNA, or Gg*BECN1* shRNA were infected with IBDV (MOI = 0.01) for 24 h. Progeny virus yields in DF-1 cells were determined by TCID~50~ assay. (**E, F**) Induction of autophagy with rapamycin (Rapa.) reduced IBDV replication in DF-1 and 293T cells. DF-1 and 293T cells were pretreated in DMEM containing 1 1 μM mu;M or 2 2 μM mu;M rapamycin for 4 h and then infected with IBDV (MOI = 10) for 1 h. After 1 hpi, cells were incubated in DMEM containing 1 1 μM mu;M or 2 2 μM mu;M rapamycin for 7 h, then harvested, lysed, and processed for western blotting with anti-LC3, anti-VP2, and anti-GAPDH antibodies. The ratio of LC3-II or VP2 to GAPDH was normalized to control conditions. (**G, H**) DF-1 or 293T cells were infected with IBDV (MOI = 0.01) and cultured in DMEM containing 2 2 μM mu;M rapamycin for 24 h to yield progeny virus; virus titers in DF-1 cells were determined by TCID~50~ assay. (**I**) Induction of autophagy with starvation reduced IBDV replication in DF-1cells. DF-1 cells were pretreated in EBSS for 2 h. Then the cells were infected with IBDV at MOI of 10 and incubated in EBSS. After cultured for 8 h, cells were harvested and detected by western blotting with anti-LC3, anti-VP2, and anti-GAPDH antibodies. The ratio of LC3-II or VP2 to GAPDH was normalized to control conditions. (J) DF-1 cells pretreated with EBSS for 2 h were infected with IBDV (MOI = 0.01) for 1 h and cultured in EBSS for 24 h to yield progeny virus; virus titers in DF-1 cells were determined by TCID~50~ assay. Error bars: Mean ± SD of 3 independent tests. Two-way ANOVA; \*\*\**P* \< 0.001 compared to control.

IBDV-induced autophagy by inactivating the AKT-MTOR pathway {#s0002-0004}
-----------------------------------------------------------

We examined AKT and MTOR activity to investigate whether autophagy induced in the early stage of IBDV infection is involved in the MTOR-dependent signaling pathway. Compared to mock-infected DF-1 cells or 293T cells, AKT and MTOR phosphorylation in IBDV-infected cells was downregulated (*P* \< 0.001) from 1 hpi to 2 hpi, but upregulated (*P* \< 0.001) at 4 hpi ([**Fig. 4A to E**](#f0004){ref-type="fig"} **and S2A to E**). However, phosphorylated (p) AKT and MTOR were persistently downregulated (*P* \< 0.001) in HE-IBDV-treated cells. The similar profiles were confirmed in cells infected with purified IBDV or treated with purified HE-IBDV ([**Fig. 4F**](#f0004){ref-type="fig"}). These data indicate that IBDV-induced autophagy upon inactivating the AKT-MTOR pathway in the early stage of infection, although AKT and MTOR phosphorylation decreased and then recovered. Figure 4.MTOR and AKT were inactivated at the early stage of IBDV infection. (**A**) DF-1 cells infected with IBDV (MOI = 10). Cells were harvested at 1, 2, 4, 6, and 8 h, followed by immunoblotting with anti-p-MTOR, anti-MTOR (total protein), anti-p-AKT, anti-AKT1, or anti-GAPDH antibody. (**B**) Cells incubated with HE-IBDV for 1, 2, 4, 6, and 8 h followed by immunoblotting as in (**A**). (**C**) Cells mock-infected and analyzed by immunoblotting as in (**A**). (**D, E**) The ratio of p-MTOR to MTOR or p-AKT to AKT was normalized to mock infection and set at 1.0. (**F**) Cells were infected with purified IBDV or treated with purified HE-IBDV for 1, 2, and 4 h, and analyzed by immunoblotting using the antibody in (**A**). (**G**) DF-1 cells pretreated with insulin (500 nM) for 1 h, infected with IBDV and cultured for 2 h, and processed by immunoblotting using the corresponding antibody in (**A**). (**H**) DF-1 cells pretreated with insulin (500 nM) for 1 h, incubated with HE-IBDV for 2 h, and processed for immunoblotting using the antibody in (A). The ratio of LC3 to GAPDH, p-MTOR to MTOR, or p-AKT to AKT was normalized to control conditions and set at 1.0. Error bars: Mean ± SD of 3 independent tests. Two-way ANOVA; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 compared to control.

To validate the role of AKT and MTOR in IBDV-dependent induction of autophagy, we activated the AKT-MTOR pathway with insulin before infecting cells with IBDV or treating them with HE-IBDV. [**Fig. 4G and H**](#f0004){ref-type="fig"} showed that following insulin treatment, there was no obvious decrease in AKT and MTOR phosphorylation (*P* \> 0.05) in IBDV-infected or HE-IBDV-treated cells compared to mock-infected cells and IBDV infection had no significant changes in cells treated with or without insulin. Correspondingly, the level of LC3-II in IBDV-infected and HE-IBDV-treated cells did not increase remarkably (*P* \> 0.05) compared to mock-infected cells ([**Fig. 4G and H**](#f0004){ref-type="fig"}), indicating that AKT-MTOR signaling pathway activation suppressed IBDV-induced autophagy. Collectively, our observations confirm that inactivating the AKT-MTOR pathway in the early stage of IBDV infection stimulates autophagy.

VP2 was critical for induction of autophagy via the AKT-MTOR pathway {#s0002-0005}
--------------------------------------------------------------------

In host cells, cellular autophagy might be involved in the recognition of incoming IBDV virions during the invading stage. VP2 and VP3 are IBDV capsid proteins: VP2 localizes on the external surface of mature virions[@cit0034] and VP3 is a major inner capsid protein.[@cit0035] Consequently, we examined whether VP2 activated autophagy effectively via the AKT-MTOR pathway. The observation of transmission electron microscope showed that the purified *Escherichia coli*-expressed fusion protein His-tagged VP2 formed subviral particles (SVPs) with an approximate 25 nm diameter ([**Fig. 5A and B**](#f0005){ref-type="fig"}). We detected a significant increase in autophagosomes by observing the ring-like eGFP-LC3 structures in His-VP2-treated DF-1 cells compared to His-VP3 or His-GST-treated cells (*P* \< 0.001, [**Fig. 5C**](#f0005){ref-type="fig"}). We incubated cells with the purified fusion proteins His-VP2 SVPs, His-VP3, and His-glutathione S-transferase (GST) separately for 1 h and subsequently examined the endogenous LC3-II and SQSTM1 levels. [**Fig. 5D**](#f0005){ref-type="fig"} shows that LC3-II was upregulated and SQSTM1 was downregulated dose-dependently in His-VP2-treated cells (*P* \< 0.001). In contrast, LC3-II and SQSTM1 expression was not disrupted in His-VP3 or His-GST-treated cells (*P* \> 0.05). Moreover, we determined AKT and MTOR phosphorylation levels within 4 h after cells were treated with VP2 to clarify the signaling pathway involved in VP2-induced cellular autophagy. [**Fig. 5E**](#f0005){ref-type="fig"} shows that p-AKT and p-MTOR decreased significantly (*P* \< 0.001) in a dose-dependent manner in VP2-treated cells and that there was no detectable change in His-GST or VP3-treated cells (*P* \> 0.05), indicating that VP2 inhibited AKT-MTOR phosphorylation. Together, these results confirm that the external capsid protein VP2 is sufficient for activating autophagy effectively by decreasing AKT and MTOR activity. Figure 5.IBDV VP2 was sufficient for inducing autophagy via AKT and MTOR dephosphorylation. (**A**) His-tagged VP2 or VP3 expressed in *E. coli* BL21 and purified in Ni-NTA columns. The purified products were separated using SDS-PAGE and stained with Coomassie brilliant blue. (**B**) The subviral particles of the purified His-VP2 protein expressed in *E.coli*. Scale bar: 50 nm. (**C**) DF-1 cells transfected with eGFP-LC3 for 24 h and incubated with His-VP2 (100 ng/mL), His-VP3 (100 ng/mL), or His-GST (100 ng/mL) for 2 h and observed under confocal microscopy. The ratio of cells with \>3 autophagic vacuoles was determined. Scale bars: 10 10 μm.mu;m. Error bars: Mean ± SD of 3 independent tests. (**D, E**) DF-1 cells incubated in DMEM containing His-GST, His-VP2, or His-VP3 for 4 h, were analyzed by western blotting with anti-LC3, anti-SQSTM1, anti-GAPDH, anti-p-MTOR, anti-MTOR, anti-p-AKT, and anti-AKT1 antibodies. The ratio of LC3 or SQSTM1 to GAPDH, p-MTOR to MTOR, and p-AKT to AKT were normalized to control conditions. Two-way ANOVA; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 compared to the control.

HSP90AA1 contributed to IBDV-induced autophagy via the AKT-MTOR pathway {#s0002-0006}
-----------------------------------------------------------------------

Cell membrane surface-distributed GgHSP90AA1 is a pathogen receptor that recognizes IBDV;[@cit0029] cytoplasmic HSP90 is important for maintaining AKT kinase activity through its interaction with AKT.[@cit0036] We examined whether cellular GgHSP90AA1 mediated VP2-induced autophagy via the AKT-MTOR pathway. We detected VP2 and GgHSP90AA1 interaction, and AKT-MTOR pathway and autophagy cross-linking using anti-HSP90AA1 antibody (anti-AA1) to mimic VP2. Coimmunoprecipitation (CoIP) showed that VP2 interacted with host HSP90AA1 ([**Fig. 6A**](#f0006){ref-type="fig"}), interestingly, GgAKT and GgHSP90AA1 has a weaker interaction in IBDV-infected and His-VP2 treated cells in comparison with that in normal cells ([**Fig. 6B**](#f0006){ref-type="fig"}). LC3-II was upregulated and SQSTM1 was downregulated in anti-HSP90AA1-treated DF-1 cells, but there were no obvious changes in irrelevant immunoglobulin G (IgG)-treated and control cells ([**Fig. 6C**](#f0006){ref-type="fig"}). Likewise, immunofluorescence assay revealed significantly increased autophagosomal vacuoles in anti-HSP90AA1-treated cells transfected with eGFP-LC3 (*P* \< 0.01, [**Fig. 6D**](#f0006){ref-type="fig"}), but not in irrelevant IgG-treated cells. Correspondingly, the VP2 SVP-treated DF-1 cells had a significant decrease of p-MTOR and p-AKT expression (*P* \< 0.001) and a remarkable increase of LC3-II (*P* \< 0.001), however, the similar change did not showed in mock, recombinant HsHSP90AA1 protein (HsHsp90AA1), and SVP-HsHSP90AA1 complex-treated cells ([**Fig. 6E**](#f0006){ref-type="fig"}). Moreover, after DF-1 cells were treated with SVP or infected with IBDV virion at 4°C and 37°C, the concentration of p-MTOR and p-AKT had a remarkable decrease (*P* \< 0.001) in comparison with the mock-treated DF-1 cells ([**Fig. 6F**](#f0006){ref-type="fig"}). These data indicated that the membrane-distributed HSP90AA1 binding to the SVP impaired MTOR signaling activity was a temperature-independent. To validate HSP90AA1-AKT-MTOR pathway mediation of IBDV-induced autophagy, we examined autophagy following IBDV infection and VP2 treatment by constructing DF-1 cells that did not express GgHSP90AA1, AKT, or MTOR using the short hairpin RNA (shRNA) approach (**Fig. S3**). [**Fig. 7A and B**](#f0007){ref-type="fig"} shows that in the control or scrambled shRNA transfectant, both IBDV infection and VP2-SVP treatment decreased SQSTM1 significantly and increased LC3-II remarkably (*P* \< 0.001). Conversely, in IBDV-infected and VP2-SVP-treated DF-1 cells with knockdown of Gg*HSP90AA1*, Gg*AKT*, or Gg*MTOR*, both IBDV infection and VP2-SVP treatment resulted in increase of SQSTM1 and decrease of LC3-II (*P* \< 0.001). Similar results were revealed in DF-1 cells treated with the specific inhibitors of HSP90AA1 (17-AAG), AKT (LY294002) or MTOR (rapamycin) ([**Fig. 7C**](#f0007){ref-type="fig"}). These data demonstrate that induction of autophagy was regulated via the HSP90AA1-AKT-MTOR signaling pathway by VP2 binding to HSP90AA1 in the early stage of IBDV infection ([**Fig. 8**](#f0008){ref-type="fig"}). Figure 6.HSP90AA1 binding to VP2 triggers autophagy via AKT-MTOR dephosphorylation. (**A**) DF-1 cells transfected with pFlag-VP2 for 24 h. Whole cell lysates (WCL) were used for CoIP and western blotting with anti-Flag or anti-HSP90AA1 antibody (anti-AA1) and irrelevant IgG (Control). (**B**) DF-1cells cotransfected with Myc-GgHSP90AA1 (Myc-GgAA1) and Flag-GgAKT1 for 48 h. Transfected cells were infected with IBDV for 1 or 2 h, or were incubated in DMEM containing His-VP2(100 ng/ml), His-VP3(100 ng/ml) or His-GST(100 ng/ml). Whole cell lysates of each sample were used for CoIP with anti-MYC antibody and western blotting with anti-Flag or anti-MYC antibody. (**C**) Western blotting performed using anti-LC3 antibody and anti-SQSTM1 mAb on lysates from DF-1 cells cultured in uncoated plates or in coated plates with anti-HSP90AA1 or irrelevant isotype control IgG for 4 h. The ratio of SQSTM1 or LC3-II to GAPDH was normalized to control conditions. (**D**) DF-1 cells transfected with peGFP-LC3 for 24 h and cultured in plates coated with negative control, IgG, or anti-HSP90AA1 for 4 h. Autophagic vacuoles were analyzed under confocal microscopy. The ratio of cells containing \>3 ring-like GFP structures was determined. Scale bars: 10 10 μm.mu;m. Error bars: Mean ± SD of 3 independent tests. (**E**) DF-1 cells were incubated respectively with the His-GST, mixture of His-GST and HSP90AA1 (His-GST:HSP90AA1 = 1:2.5), mixture of SVP and HSP90AA1 (SVP:HSP90AA1 = 1:2.5) or SVP for 2 h, and analyzed by immunoblotting with anti-LC3, anti-p-MTOR, anti-MTOR, anti-p-AKT, anti-AKT1, or anti-GAPDH antibody. (**F**) DF-1 cells incubated with His-GST (100 ng/ml), SVP (100 ng/ml), or purified IBDV (MOI = 10 ) for 2 h at 37°C or 4°C. Cells were analyzed by immunoblotting using the antibody in (**E**). The ratio of p-MTOR to MTOR, p-AKT to AKT or LC3-II to GAPDH was normalized to mock infection and set at 1.0. Two-way ANOVA; \*\*\**P* \< 0.001 compared to control. C, His-GST; PtdIns, purified IBDV; SVP, His-VP2 subviral particle. Figure 7.HSP90AA1, AKT, and MTOR are critical for autophagic induction at the early stage of IBDV infection. DF-1 cells transfected with Con. (Control), Scra. (Scrambled shRNA), Gg*HSP90* (Gg*HSP90AA1* shRNA), Gg*AKT1* (Gg*AKT1* shRNA), and Gg*MTOR* (Gg*MTOR* shRNA) for RNA knockdown were infected with IBDV (**A**), and pretreated with purified His-VP2 subviral particles (**B**) for 2 h and analyzed by immunoblotting with anti-LC3, anti-SQSTM1 or anti-GAPDH antibodies. The purified His-GST was as a control. (**C**) DF-1 cells were pretreated by specific inhibitors 17-AAG (HSP90AA1), LY294002 (AKT) and rapamycin (MTOR) for 4 h, and incubated with His-GST (100 ng/ml), SVP (100 ng/ml) or purified IBDV (MOI = 10) for 2 h. The cells were harvested and analyzed by immunoblotting with anti-LC3, anti-SQSTM1 or anti-GAPDH antibody. The ratio of LC3 or SQSTM1 to GAPDH was normalized to control conditions. Two-way ANOVA; \*\*\**P* \< 0.001 compared to control. C, His-GST; PI, purified IBDV; SVP, His-VP2 subviral particle. Figure 8.Proposed model of IBDV-induced autophagy via the HSP90AA1-AKT-MTOR pathway. IBDV-encoded VP2 binding to cell surface HSP90AA1 and leads to disassociation of phosphorylated AKT from HSP90AA1. The disassociated AKT then loses phosphorylation and results in dephosphorylation of MTOR. The dephosphorylated MTOR then activates autophagosome formation. The autophagosome engulfs IBDV virions, delivering them to lysosomes for final degradation.

Discussion {#s0003}
==========

IBDV and autophagy {#s0003-0001}
------------------

Several reports have demonstrated that viruses have evolved strategies for regulating autophagy by encoding certain proteins, such as ICP34.5 of herpes simplex virus 1 (HSV-1), Nef of HIV, and M2 of influenza A virus.[@cit0002]^,^37 Orvedahl and colleagues report that Sindbis virus infection induces autophagy via the autophagy-related 5 gene (*ATG5*).[@cit0038] In our study, transmission electron microscopy revealed IBDV particles inside autophagosomes and autolysosomes, which were engulfed into ring-like eGFP-LC3 structures as observed under confocal microscopy. Induction of autophagy by starvation or rapamycin decreased VP2 accumulation and IBDV titers; in contrast, inhibition of autophagy through BECN1 knockdown ([**Fig. 3**](#f0003){ref-type="fig"}) increased VP2 accumulation and viral titers. These results suggest that activation of host cell autophagy is a defense response to IBDV invasion.

PAMP recognition and HSP90AA1-mediated autophagy {#s0003-0002}
------------------------------------------------

To cause infection, viruses must deliver their nucleic acids across the cell membrane into the target cell cytoplasm. TLR3, TLR4, and TLR7 in mammals and PGLYRP1 (peptidoglycan recognition protein 1)-LE in *Drosophila* induce autophagy upon ligand binding.[@cit0005] The molecular chaperone HSP90AA1 facilitates the maturation of a wide range of proteins and plays a crucial role in various cellular functions. Of interest is the fact that HSP90AA1 is also a pathogen receptor that binds to LPS[@cit0027] and dengue virus.[@cit0028] Importantly, GgHSP90AA1 is also a cell receptor complex component of IBDV particles.[@cit0029] However, the molecular connections between such receptors and autophagy remain poorly understood. In our study, autophagy was induced immediately within 2 h following avibirnavirus infection ([**Figs. 1**](#f0001){ref-type="fig"} **and** [**2**](#f0002){ref-type="fig"}); HSP90AA1 strengthened the formation of early and mature autophagosomes that efficiently sequestered and degraded IBDV particles immediately ([**Fig. 6**](#f0006){ref-type="fig"}). These autophagic vacuoles, containing IBDV virions, were previously observed in IBDV-infected macrophages and lymphocytes.[@cit0032] This demonstrates that GgHSP90AA1 controls early avibirnavirus infection by xenophagy.

Notably, of the avibirnavirus-encoded proteins, only VP2 interacted with GgHSP90AA1 and triggered autophagy ([**Figs. 5**](#f0005){ref-type="fig"} **and** [**6**](#f0006){ref-type="fig"}). Mature VP2 is an outer capsid protein and the primary host-protective immunogen of the IBDV virion.[@cit0034] In addition, the hypervariable region of VP2 (amino acids 206-350) is presumably responsible for interaction with cellular receptors and restriction of infectivity.[@cit0040] Therefore, our results suggest that GgHSP90AA1 recognizes VP2 as a PAMP and triggers autophagy in the early stage of IBDV infection, and that HSP90AA1 may initiate the innate cellular defense against invading pathogens. This also suggests an attractive hypothesis: viral genomic dsRNA is released from the IBDV virion by autophagic degradation and is ready for subsequent viral replication in the early stage of infection upon inhibition of autophagy initiated from 2 hpi ([**Figs. 1**](#f0001){ref-type="fig"} **and** [**2**](#f0002){ref-type="fig"}).

Detection of MTOR and PAMP {#s0003-0003}
--------------------------

In all eukaryotes, the MTOR signaling pathway couples energy and nutrient abundance to execute cell growth and division.[@cit0041] As a highly conserved kinase in the phosphatidylinositol 3-kinase family, MTOR leads to a swift response to various environmental cues, regulating cell metabolism and immune responses by regulating the kinase AKT.[@cit0042] Endoplasmic reticulum (ER) stress suppresses autophagy via negative regulation of the AKT-TSC-MTOR pathway.[@cit0044] Activation of the PI3K-AKT-MTOR signaling pathway inhibits the autophagy required for both normal development and survival of nutrient deprivation.[@cit0045] Extracellular and intracellular environmental factors and autophagy form a direct link via the MTOR-dependent pathway.

Recent data also demonstrate that hepatitis C virus induces autophagy by inactivating the AKT-TSC-MTOR pathway based on ER stress;[@cit0017] Sindbis virus induces autophagy by suppressing MTOR signaling,[@cit0046] avian influenza viruses result in autophagic cell death by inhibiting MTOR,[@cit0047] and vesicular stomatitis virus induces autophagy by regulating the PI3K-AKT signaling pathway.[@cit0048] Despite that ICP34.5 and Us11 of HSV-1 antagonize autophagy based on the antiviral EIF2AK2/PKR (eukaryotic translation initiation factor 2-α kinase 2)-EIF2S1 (eukaryotic translation initiation factor 2, subunit 1 α, 35kDa) kinase signaling pathway,[@cit0002] it is worthwhile to note MTOR also plays an important role in regulating autophagy in response to virus infection. Although the central role of autophagy in innate immune control of viruses,[@cit0019] the connection between pathogen recognition and MTOR-dependent autophagy in these reports were poorly understood. In the present report, we discovered that not only HSP90AA1 knockdown, but also AKT1 or MTOR knockdown inactivated the induction of autophagy in IBDV-infected and VP2-treated cells ([**Fig. 7**](#f0007){ref-type="fig"}), revealing that HSP90AA1 regulates a unique AKT-MTOR molecular cascade pathway in the early stage of avibirnavirus infection to activate autophagic machinery. Our research chemically demonstrates for the first time the connection between HSP90AA1 and the AKT-MTOR-dependent signaling pathway in virus invasion ([**Fig. 8**](#f0008){ref-type="fig"}). In other words, IBDV invasion initiated the HSP90AA1-AKT-MTOR signaling pathway to induce autophagy.

In summary, both avibirnavirus VP2 and anti-HSP90AA1 antibody are sufficient to induce autophagy solely through the AKT-MTOR pathway, but VP2 is insufficient to initiate induction of autophagy after HSP90AA1, AKT1, and MTOR knockdown. Our study has direct proof that functional autophagy was induced in response to avibirnavirus invasion through AKT-MTOR pathway inactivation mediated by HSP90AA1-VP2 complex. However, we note that avibirnavirus inhibited autophagy at the late stage of infection successfully. Revealing the mechanism of this process requires further detailed study. Our study raises the possibility that controlling the AKT-MTOR pathway might serve as a strategy for triggering the process of antiviral autophagy. This work also highlights the role of HSP90AA1 in linking pathogen recognition signaling to MTOR-dependent autophagy, which is crucial for controlling infection.

Materials and Methods {#s0004}
=====================

Cells and virus stock {#s0004-0001}
---------------------

DF-1 and 293T cells from ATCC were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Life Technologies, 11995) supplemented with 10% fetal bovine serum (Gibco-BRL Life Technologies, 10099-141). IBDV strain NB (1.0 × 10^7^ TCID~50~/0.1 mL) was stored in our lab. [@cit0049] IBDV virions were produced on DF-1 cell monolayer and purified by cesium chloride density gradient centrifugation.[@cit0050] IBDV heat inactivation was performed at 90°C for 10 min in a water bath and inoculated on DF-1 monolayer to detect the infectivity of inactivated virus.

Antibodies and reagents {#s0004-0002}
-----------------------

Mouse anti-VP2 polyclonal antibodies and mouse anti-VP3 mAb were maintained in our lab. Rabbit anti-LC3B (2775), anti-p-AKT (Ser473) (4060), and anti-p-MTOR (Ser2448) (5536) mAbs were purchased from Cell Signaling Technology. Rabbit Anti-AKT1 (ab32505) and anti-MTOR (ab2732) antibodies were purchased from Abcam. Rabbit anti-HSP90AA1 mAb (3670-1), rabbit anti-SQSTM1 (3340-1), anti-MYC (R1208-1) and anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase; 2251-1) antibody were purchased from Epitomics. Donkey anti-mouse Alexa Fluor 647 (A-31571) was obtained from Invitrogen. HSP90AA1 protein (1145-hnce) was purchased from Sino Biological Inc. Rapamycin (9904) and LY294002 (S1737) were purchased from Cell Signaling Technology and Beyotime Institute of Biotechnology, respectively. Insulin (91077C) and 17-AAG (A8476) was purchased from Sigma-Aldrich. Nickel--nitrilotriacetic acid (Ni-NTA) agarose beads (30210) were obtained from Qiagen. Na~2~HPO~4~ (10039-32-4), KH~2~PO~4~(7778-77-0), NaCl (7647-14-5 ) and KCl (7447-40-7) were purchased from Sinopharm. Tris base (0497-1Kg) and sodium dodecyl sulfate (SDS;0227-500g) were purchased from Amresco.

Virus infection {#s0004-0003}
---------------

DF-1 or 293T cells were infected with IBDV or purified IBDV virions at a multiplicity of infection (MOI) of 10 or 0.01 according to experiment requirements. The cells were then incubated in complete DMEM at 37°C for different durations according to experiment requirements. HE-IBDV was added to the cells as required. For induction of autophagy or MTOR activation experiments, cells were pretreated with rapamycin, starvation, or insulin for 4 h prior to viral infection. Virus titer was determined on DF-1 cell monolayers as TCID~50~/0.1 mL by observing the cytopathic effect as previously described.[@cit0051]

Expression plasmids and shRNA constructs {#s0004-0004}
----------------------------------------

The chicken *LC3B* gene (GenBank accession number: NM_001031461) was PCR-amplified from total cellular RNA of chicken DF-1 cell with gene-specific primers and cloned into the pEGFP-C3 vector (Clontech, 6082-1). IBDV genes *VP2* was amplified from IBDV genomic cDNA and cloned into pCI-Neo (PN; Promega, E1841) and pET28a vectors (PE; Novagen, 69864-3) using specific primers. GST was amplified from the pGEX4T-1 plasmid and cloned into pET28a vector as a control. **Table S1** lists the primers used in the PCR amplification.

BECN1, HSP90AA1, AKT1, and MTOR knockdown in DF-1 cells or BECN1 knockdown in 293T cells was performed using the vector-based shRNA approach.[@cit0052] shRNA targeting sequences against *BECN1*, *HSP90AA1*, *AKT1*, and *MTOR* were designed using online design tools (http://rnaidesigner.lifetechnologies.com/rnaiexpress/design.do, Block-iT RNAi Designer; Invitrogen); we selected 3 short target sequences with the best scores for each gene, while human *BECN1* was selected from the Sigma-Aldrich RNAi sequence database. **Table S2** lists the oligonucleotides used. The shRNAs were cloned into the RNAi-Ready pSIREN-RetroQ vector (Clontech, 632455) containing *EcoRI* and *BamHI* sites .

Cell transfection with silencing shRNA {#s0004-0005}
--------------------------------------

DF-1 or 293T cells grown to 80% to 90% confluence were transfected with shRNA constructs using Lipofectamine 2000 (Invitrogen, 11668-019). Two days later, GFP-positive cells were evaluated using repeated fluorescence-activated cell sorting until more than 90% of cells were GFP-positive. GFP-positive cells were then expanded in DMEM with 200 ng/μL G418 and stored in complete DMEM without G418 until used.

Transmission electron microscopy {#s0004-0006}
--------------------------------

Ultrathin samples from IBDV- or mock-infected DF-1 cells, and negatively staining samples from purified IBDV particles or VP2 subviral particles were processed as previously described.[@cit0053] Then these samples were observed using a Hitachi H-9500 transmission electron microscope (Hitachi High-Technologies Corporation) at 80 kV.

Confocal microscopy {#s0004-0007}
-------------------

DF-1 cells were seeded in 35-mm glass-bottom dishes (Shengyou Biotechnology) and transfected with eGFP-LC3 or control plasmids. At 24 h post-transfection, cells were incubated with Earle balanced salt solution medium (EBSS; Gibco, 24010-043) and complete DMEM supplemented with 10% fetal bovine serum, respectively, then mock-infected or infected with IBDV for the indicated duration. Cells were then incubated with 50 nM LysoTracker Red DND-99 (Invitrogen, L-7528) for 30 min, rinsed 3 times with phosphate-buffered saline (PBS; 8.4 mM Na~2~HPO~4~, 1.5 mM KH~2~PO~4~, 136.9 mM NaCl, 2.7 mM KCl) and immediately analyzed under a Zeiss LSM 510 laser confocal microscope (Zeiss). Only cells with at least 5 GFP dots or ring-like structures were scored as positive.[@cit0055] The ratios of LysoTracker Red-positive ring-like structures were calculated from 20 cells infected with IBDV, HE-IBDV or mock-infection for 2 or 4 h.

Western blotting {#s0004-0008}
----------------

Cells were harvested and lysed immediately in lysis buffer (2% SDS, 1% Triton X-100 \[Sigma, 9002-93-1\], 50 mM Tris-HCl and 150 mM NaCl, pH 7.5). Lysate protein concentration was measured by bicinchoninic acid (BCA) assay (Pierce, \#23225). Equal amounts of total protein from different samples were separated on SDS--polyacrylamide gel electrophoresis and the protein bands were transferred onto polyvinylidene fluoride membranes (Milipore, ISEQ00010). After blocking with 5% nonfat dry milk containing 0.1% Tween 20 (Sigma, 9005-64-5) for 1 h at 37°C, the membranes were incubated with primary antibody for 2 h at 37°C, followed by horseradish peroxidase--conjugated anti-mouse/rabbit IgG (Kirkegaard & Perry Laboratories, 074-1806/074-1506) and visualized using a SuperSignal West Femto Substrate Trial Kit (Thermo Scientific/Pierce, 34096).

### His-VP2 and His-VP3 expression and purification {#s0004-0008-0001}

GST and IBDV VP2 and VP3 genes were cloned into the PET-28a vector. His-GST, His-VP2, and His-VP3 were expressed in E. coli BL-21 and purified using Ni-NTA resin. The purified proteins were eluted with elution buffer containing 8 M urea, which was removed using a dialysis bag against buffer (50 mM NaH~2~PO~4~, 300 mM NaCl) with gradually reduced concentrations of urea (6 M, 3 M, buffer alone). The subviral particle of purified His-VP2 protein was detected by transmission electron microscope as previously stated.[@cit0053] The concentrations of the purified proteins were measured with the BCA assay. The 3 purified proteins were then detected using western blotting with the corresponding antibody.

HSP90AA1 receptor stimulation {#s0004-0009}
-----------------------------

The experiment was performed as previously stated with some modifications.[@cit0026] Briefly, cell culture plates were precoated with 20 μg/mL anti-HSP90AA1 mAb (Anti-HSP90) or rabbit IgG in PBS for 3 h at 37°C. Following 2 washes with PBS, plates were seeded with DF-1 cells, which were cultured in DMEM with 0.5 nM/mL insulin for 4 h. Cells cultured without insulin were used as the control. The cells were harvested and lysed with lysis buffer (2% SDS, 1% Triton X-100, 50 mM Tris-HCl, 150 mM NaCl, pH 7.5), and western blotting was performed using anti-SQSTM1, anti-LC3, anti-AKT1, and anti-MTOR mAbs to monitor autophagy.

Statistical analysis {#s0004-0010}
--------------------

The statistical significance of differences between groups were analyzed by 2-way ANOVA using the SPSS software (version 17.0). A P value of \< 0.05 was considered statistically significant.
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